In Bacillus anthracis the siderophore petrobactin is vital for iron acquisition and virulence. The petrobactin-binding receptor FpuA is required for these processes. Here additional components of petrobactin reacquisition are described. To identify these proteins, mutants of candidate permease and ATPase genes were generated allowing for characterization of multiple petrobactin ATP-binding cassette (ABC)-import systems. Either of two distinct permeases, FpuB or FatCD, is required for iron acquisition and play redundant roles in petrobactin transport. A mutant strain lacking both permeases, DfpuBDfatCD, was incapable of using petrobactin as an iron source and exhibited attenuated virulence in a murine model of inhalational anthrax infection. ATPase mutants were generated in either of the permease mutant backgrounds to identify the ATPase(s) interacting with each individual permease channel. Mutants lacking the FpuB permease and FatE ATPase (DfpuBDfatE) and a mutant lacking the distinct ATPases FpuC and FpuD generated in the DfatCD background (DfatCDDfpuCDfpuD) displayed phenotypic characteristics of a mutant deficient in petrobactin import. A mutant lacking all three of the identified ATPases (DfatEDfpuCDfpuD) exhibited the same growth defect in iron-depleted conditions. Taken together, these results provide the first description of the permease and ATPase proteins required for the import of petrobactin in B. anthracis.
Introduction
Bacillus anthracis, a Gram-positive, spore forming bacterium, is the causative agent of the disease anthrax, which affects a wide range of mammals, including humans (Hanna, 1998a,b; Dixon et al., 1999) . Over the course of its life cycle, B. anthracis exists in two distinct morphotypes, the metabolically active vegetative cell and the dormant spore. Vegetative bacilli within the host acquire enough nutrients to replicate rapidly and to very high titres (Dixon et al., 1999) . Upon death of the host, the bacillus enters an environment lacking the nutrients required to sustain growth and replication, and sporulates (Dutz and Kohout, 1971; Dutz and Kohout-Dutz, 1981; Guidi-Rontani et al., 1999) . The spores are the infectious particles of anthrax and are highly resistant to heat, cold, radiation, desiccation and disinfectants and persist in the environment in a dormant state until taken up by another host (Nicholson et al., 2000; Doganay and Welsby, 2006; Almeida et al., 2008) .
Bacillus anthracis is capable of causing three forms of human disease, dependent on the route of spore entry into the host. While cutaneous and gastrointestinal anthrax are medical concerns, the most severe form of the disease is inhalational anthrax (Dixon et al., 1999; Inglesby et al., 1999; 2002; Doganay and Welsby, 2006) . Mortality rates from this form of anthrax infection approach 45-50% (Spencer, 2003; Sweeney et al., 2011) . Following inhalation, spores are taken up by alveolar phagocytes and transported to the lymph nodes, where the spores germinate and outgrowth to vegetative cells occurs (Dutz and Kohout, 1971; Dutz and Kohout-Dutz, 1981; Guidi-Rontani et al., 1999; Dixon et al., 2000) . Eventually the replicating bacilli lyse the phagocytes and escape into the bloodstream, where they can reach titres of up to 10 8 bacilli per millilitre of blood (Dixon et al., 1999) . As the bacteria multiply, they express virulence factors, most notably toxin, which ultimately leads to septic shock and death of the host within a few days (Dixon et al., 1999) . Following host death, bacteria will sporulate once again and remain dormant until a suitable environment is encountered.
The robust growth rate of B. anthracis necessitates the need for highly efficient mechanisms for nutrient acquisition within the host (Ratledge and Dover, 2000; FaraldoGomez and Sansom, 2003; Wandersman and Delepelaire, 2004) . One vital nutrient required for all bacteria is iron (Ratledge and Dover, 2000) . Ferric iron (Fe 3+ ) is found in highly insoluble forms and is toxic to host cells through the formation of damaging oxygen radicals (Ratledge and Dover, 2000; Ratledge, 2004; Miethke and Marahiel, 2007; Davidson et al., 2008) . Consequently, free iron concentrations in the host are low. The majority of iron in the mammalian host is bound to proteins such as haemoglobin, transferrin and ferritin (Ratledge and Dover, 2000; Glanfield et al., 2007) . Since low concentrations of free iron can constitute a barrier against bacterial growth, the ability to acquire iron from the host is often a major determinant of microbial survival and virulence (Braun and Braun, 2002) . To this end, pathogenic microbes, including B. anthracis, have evolved a variety of mechanisms to sequester iron from host proteins, including the production of siderophores (Ratledge and Dover, 2000; Faraldo-Gomez and Sansom, 2003; Glanfield et al., 2007) .
Siderophores are high-affinity iron chelating molecules secreted in low iron environments to scavenge ferric iron from host proteins (Neilands, 1995; Zawadzka et al., 2009a) . The production and secretion of siderophores is the primary mechanism of iron acquisition by B. anthracis (Ratledge and Dover, 2000) . B. anthracis produces two distinct siderophore molecules, bacillibactin and petrobactin (Cendrowski et al., 2004b; Koppisch et al., 2005; Wilson et al., 2006; Lee et al., 2007; Pfleger et al., 2007; Zawadzka et al., 2009a,b; Hotta et al., 2010) Petrobactin is the only siderophore essential for growth in macrophages and murine virulence (Garner et al., 2004; Cendrowski et al., 2004b; Koppisch et al., 2005; Abergel et al., 2006a; . The siderophore bacillibactin, conversely, is thought to be dispensable during B. anthracis pathogenesis, as strains deficient in bacillibactin synthesis are fully virulent in a murine inhalational anthrax infection model (Cendrowski et al., 2004b) . While both petrobactin and bacillibactin are catecholate siderophores, a possible explanation for their relative importance in pathogenesis may be found in their distinct chemical structures. Bacillibactin, commonly found in several Bacillus species (Koppisch et al., 2005) , has a catecholate orientation (2,3-dihydroxybenzoate) widely observed in siderophores (Miethke and Marahiel, 2007) , while petrobactin has a unique catecholate orientation (3,4-dihydroxybenzoate) . This uncommon orientation allows this siderophore to evade recognition by the human immune protein siderocalin, thus petrobactin has been termed the 'stealth siderophore' of B. anthracis (Abergel et al., 2006a; Pfleger et al., 2008b; Zawadzka et al., 2009b) .
The stages of petrobactin biosynthesis have been well studied in B. anthracis (Barbeau et al., 2002; Cendrowski et al., 2004a; Challis, 2005; Koppisch et al., 2005; 2008a,b; Wilson et al., 2006; Abergel et al., 2006b; Lee et al., 2007; Liu et al., 2007; OvesCostales et al., 2007; Pfleger et al., 2007; Fox et al., 2008; Kadi and Challis, 2009) . However, only some of the details about iron-petrobactin import are known. We have previously shown that FpuA is the receptor protein required for normal growth under iron-depleted conditions and for murine virulence (Carlson et al., 2010) . Furthermore, FpuA shows high sequence homology with the receptor components of ATP-binding cassette (ABC)-transport systems from other bacteria; therefore transport of iron-petrobactin most likely occurs through an ABCtransport system. Here we present the identification and characterization of the permease and ATPase components of the petrobactin ABC-import system.
Results

Identification of two individual permeases involved in petrobactin reacquisition
Seven iron-hydroxamate transporter permeases were identified as putative components of the B. anthracis petrobactin import system. Each of these proteins has significant sequence homology to the well-characterized ATPdependent iron (III) hydroxamate permease (FhuB) from Escherichia coli (Koster, 2001; , and all are induced by iron starvation (Carlson et al., 2009) . Genetic organization of these putative permeases fall into two classes: those that are encoded by a single gene (GBAA4767, GBAA4596, GBAA4785 and GBAA5630), and those that are encoded by two consecutive genes (GBAA5328-5329, GBAA3865-3866 and GBAA0616-0617) (Fig. 1 ). Of these predicted permeases, the most obvious candidate for a role in petrobactin import was GBAA4767 (fpuB), as it is located directly downstream and likely co-transcribed with fpuA, which encodes the petrobactin receptor protein (Carlson et al., 2010) . Another attractive candidate was the heterodimeric permease FatCD (GBAA5328-5329). An orthologue of this permease, YclNO, was previously shown to be required for petrobactin reacquisition in B. subtilis (Zawadzka et al., 2009b) .
To test if any of these putative permease proteins were required for the import of petrobactin, individual mutants lacking each of the seven permeases were constructed and analysed. Each mutant was examined for the ability to grow in iron-depleted media (IDM). Mutants unable to synthesize or import petrobactin display a severe growth defect under these conditions (Cendrowski et al., 2004b; Carlson et al., 2010) . Surprisingly, none of the single permease mutants, including DfpuB and DfatCD, exhibited a growth defect in IDM ( Fig. 2A , solid squares and solid triangles, Fig. S1 and Table S1 ). It was therefore hypothesized that more than one of the putative permeases could facilitate the import of petrobactin. To test this, a mutant lacking the two most likely candidate permeases, Petrobactin acquisition in B. anthracis 371 FpuB and FatCD, was generated. The DfpuBDfatCD mutant exhibited a severe growth defect in IDM ( Fig. 2A , open diamonds), similar to that of mutants deficient in both petrobactin transport (DfpuA) and petrobactin biosynthesis (DasbABCDEF) ( Fig. 2A , open squares and open triangles respectively). These results suggest that these proteins play redundant roles in petrobactin transport. It is important to note that this growth defect was iron dependent, as all mutants tested exhibited wildtype growth levels in rich media (Fig. 2B , and data not shown).
To further demonstrate the role of these permeases in petrobactin import, it was necessary to eliminate the possibility that these mutants were unable to produce or secrete the siderophore. There are several phenotypes that can distinguish an import-deficient mutant (e.g. DfpuA), from a biosynthetic mutant (e.g. DasbABCDEF), including the inability to be chemically rescued with supplemental petrobactin, accumulation of extracellular catechol, and resistance to gallium toxicity (Carlson et al., 2010 Fig. 1 . Organization of genes investigated in this work. The genes encoding the iron-associated ABC-transporter components investigated in this work reside in seven separate clusters. Those found to be involved in the reacquisition of petrobactin belong to four of these clusters; individual genes directly involved in this process are marked with asterisks. Gene names for fpuB (GBAA4767; previously annotated as fhuB), fpuC (GBAA4595), fpuD (GBAA0618) and fatE (GBAA5327) have been updated to reflect their involvement in petrobactin transport. The three other gene clusters investigated here showed no involvement in this process. All clusters are aligned in the order receptor/permease/ATPase, with the exception of GBAA5629, which is labelled separately as this ATPase gene is positioned between the receptor and permease genes in its cluster. Dotted lines between consecutive genes were used for alignment purposes and do not indicate actual space between the genes. The annotated or predicted functions of all genes flanking each cluster are also shown. Intergenic region between the clusters and the flanking genes are not to scale. exogenous petrobactin. This supplementation allows for recovery of growth of petrobactin biosynthetic mutants, while transport-deficient mutants are not complemented in this manner. Spores of wild-type, DasbABCDEF, DfpuA or DfpuBDfatCD strains were grown in IDM with or without supplemental petrobactin (2.5 mM). As expected, the growth of the petrobactin biosynthetic mutant was fully restored by this supplementation (Fig. 3A and B, solid triangles). However, this treatment did not restore growth of the double permease mutant (DfpuBDfatCD), indicating an inability to import petrobactin ( Fig. 3A and B, open squares). This result was identical to that of the known petrobactin transport mutant (DfpuA) ( Fig. 3A and B, solid circles) (Arnow, 1937; Carlson et al., 2010) .
A second phenotype of mutants unable to import petrobactin is significant accumulation of catechol in the culture supernatant, compared with that seen in wild-type strains (Carlson et al., 2010) . The individual permease mutants, DfpuB and DfatCD, and the double mutant, DfpuBDfatCD, were assayed for extracellular catechol using the Arnow assay (Arnow, 1937) . The petrobactin biosynthetic mutant was included as a control for non-petrobactin catechols. As reported previously (Carlson et al., 2010) , culture supernantants from this strain exhibited minimal levels of catechol, indicating that the majority of what was observed is petrobactin (Fig. 4, DasbABCDEF) . Catechol levels detected in the supernatants of all single permease mutants were nearly identical to those found in wild-type supernatants (Fig. 4) . However, extracellular catechol levels in the culture supernatant of DfpuBDfatCD were significantly higher than those detected in wild type (Fig. 4) . These results are similar to those obtained for DfpuA, which is unable to import petrobactin ( Fig. 4 and Carlson et al., 2010 ). The final phenotype tested was resistance to gallium toxicity. Gallium resistance has been used to show siderophore transport in several bacterial systems (Ecker and Emery, 1983; Olakanmi et al., 2000; Banin et al., 2008; Carlson et al., 2010) . Gallium is able to bind to siderophores with high efficiency (Banin et al., 2008; Zawadzka et al., 2009b) and is toxic when imported into the bacterial cytoplasm (Banin et al., 2008) . Previous studies have shown that the addition of 20 mM gallium sulphate to IDM culture media results in a petrobactindependent growth defect in wild-type B. anthracis (Carlson et al., 2010) . To further test the ability of DfpuBDfatCD to import petrobactin, growth of this strain was examined in the presence of gallium. Wild-type, DasbAB-CDEF, DfpuA, DfpuB, DfatCD and DfpuBDfatCD strains were incubated in the presence or absence of gallium sulphate and growth was measured by change in OD 600 after 2 h. The addition of gallium sulphate to wild-type B. anthracis resulted in a significant growth inhibition when compared with cultures grown without gallium (Fig. 5) . In contrast, strains unable to produce or import petrobactin are protected from this toxicity (Fig. 5 , DfpuA and DasbABCDEF) (Cendrowski et al., 2004b; Carlson et al., 2010) . As predicted by their ability to grow in IDM, both single permease mutants (DfpuB and DfatCD) were significantly inhibited by the presence of gallium (Fig. 5) . Much like the petrobactin biosynthetic mutant, the double permease mutant, DfpuBDfatCD, was not significantly inhibited by the presence of gallium (Fig. 5) .
The DfpuBDfatCD mutant is attenuated for virulence in a murine model of inhalational anthrax
Known petrobactin biosynthetic (DasbABCDEF) and receptor (DfpuA) mutants exhibit significant attenuation in murine virulence (Cendrowski et al., 2004b; Carlson et al., 2010) . Therefore, it was hypothesized that a strain lacking all permease components of the petrobactin import system would exhibit a similar attenuation. To test this hypothesis, a murine model of inhalational anthrax 
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Petrobactin acquisition in B. anthracis 375 was used (Cendrowski et al., 2004b) . Mice were inoculated intratracheally with either wild-type (n = 8) or DfpuBDfatCD (n = 16) spores at a dose of approximately 20 times the LD50 (1 ¥ 10 5 spores per mouse). Mice were then monitored for 14 days post infection. As expected, all mice infected with wild-type spores succumbed to infection within 4 days (Fig. 6, circles) (Cendrowski et al., 2004b) . In sharp contrast, mice inoculated with the DfpuBDfatCD strain exhibited a significant increase in survival (P Յ 0.0001), with the majority of mice (15 of 16) surviving the full 2-week experiment (Fig. 6, solid squares) .
Identification of three ATPase components involved in petrobactin transport
A similar approach was taken to identify the ATPase components of the petrobactin transport system. Six ATPase proteins were identified as candidates for a role in petrobactin import. These putative ATPases are encoded by GBAA4595, GBAA0618, GBAA5629, GBAA4784, GBAA3864 and GBAA5327 (Fig. 1) . To assess the putative role of these candidate proteins in petrobactin transport, six single-deletion mutants were generated, each lacking one of these genes. Similar to what was observed for the permeases, none of these single mutants exhibited a growth defect in IDM (Fig. S1 and Table S1 ). These findings, and the identification of two distinct petrobactinspecific permeases as described above, suggested the possibility that distinct ATPases could be functioning individually with each permease. Of the six putative ATPases, fatE is located directly downstream of fatCD and was, therefore, the most likely candidate to function with this permease. To determine whether FatE was functioning with the FatCD permease, it was necessary to prevent transport through the other permease, FpuB. Therefore, a mutant lacking the FatE ATPase was generated in the DfpuB background. This mutant, DfpuBDfatE, displayed all of the hallmark characteristics of a petrobactin import mutant including a growth defect in IDM (Fig. 2C, solid  squares) , an inability to be restored to wild-type growth levels by the addition of exogenous petrobactin (Fig. 3A and B, open triangles), increased extracellular catechol levels in culture supernatants (Fig. 4, grey bars) , and resistance to gallium induced growth inhibition (Fig. 5,  grey bars) . These phenotypes combined implicate FatE in petrobactin import through interaction with the FatCD permease.
In order to identify the ATPase(s) functioning with the FpuB permease, an analogous approach was taken. Each of the remaining five putative ATPase genes was deleted individually in the DfatCD background. However, none of these mutants exhibited a growth defect in IDM (data not shown). This result suggested that multiple ATPases were functioning with this single permease. To test this, a double ATPase deletion mutant was generated in the DfatCD background targeting the two genes (GBAA4595 and GBAA0618) having the highest amino acid sequence identity to the FhuC ATPase from E. coli (45% and 42% identity respectively). This mutant, DfatCDDfpuCDfpuD, displayed all of the phenotypic characteristics of a mutant deficient in petrobactin import. These included an inability to grow to wild-type levels in IDM (Fig. 2C, solid triangles) , an inability to be restored to wild-type growth levels by the addition of exogenous petrobactin ( Fig. 3A and B, open circles) , increased extracellular catechol levels in culture supernatants (Fig. 4 , grey bars), and protection from gallium induced growth inhibition (Fig. 5, grey bars) . We therefore propose naming these genes fpuC (GBAA4595) and fpuD (GBAA0618). A mutant lacking only these two ATPases, but still encoding the FatCD permease (DfpuCDfpuD) did not have a growth defect in IDM (data not shown). Indeed, no mutant lacking two of these ATPases (fatE, fpuC or fpuD) showed any phenotype. All of these data combine to implicate the ATPases encoded by fpuC and fpuD in the import of petrobactin through interaction with the FpuB permease.
Finally, a mutant lacking all three ATPase components was constructed (DfatEDfpuCDfpuD). This strain retained wild-type copies of both of the identified petrobactin reacquisition permeases. The triple ATPase mutant exhibited the expected growth defect in IDM (Fig. 2C, open  diamonds) . As expected, the DfatEDfpuCDfpuD mutant also exhibited increased catachol levels (Fig. 4 , grey bars), and no sensitivity to gallium (Fig. 5, grey bars) . However, in addition to the growth defect observed in IDM, this mutant grew poorly in sporulation media, and failed to sporulate efficiently. Due to the inability to isolate spores, the petrobactin supplementation assay could not be performed. Although the mutant failed to grow well in sporulation media, it did not exhibit a general growth defect, as it grew as well as wild type in rich media (Fig. 2D, open diamonds) or in IDM supplemented with 20 mM ferrous sulphate (data not shown). The growth and sporulation defects observed for the DfatEDfpuCDfpuD mutant could be complemented in trans. Growth in IDM was restored to wild-type levels when either fpuD or fatE was expressed from a plasmid (Fig. 7 , solid triangles and solid circles respectively). The ability to grow well in sporulation media and produce spores was restored in the complemented strains as well (data not shown). For unknown reasons, attempts to complement fpuC were unsuccessful.
Discussion
Bacillus anthracis encodes a number of genes involved in scavenging iron from a variety of sources, including those responsible for the biosynthesis of two siderophores Carlson et al., 2009) . However, both murine virulence and the ability to grow in iron-depleted medium in vitro are only dependent on the ability to produce and reacquire one of these molecules, petrobactin. Previous work established both the importance of petrobactin biosynthesis, and the requirement of the petrobactin receptor FpuA in its utilization (Cendrowski et al., 2004b; Garner et al., 2004; Lee et al., 2007; Carlson et al., 2009; . The work presented here identifies two permeases and three ATPases that also function in petrobactin import. These proteins appear to function with the petrobactin receptor FpuA, presumably making at least three ABCtransporter complexes, each independently sufficient for the reacquisition of petrobactin (Fig. 8) . Two of these transporter complexes involve association of the receptor, FpuA, with the FpuB permease. In turn, FpuB can function with either of two separate ATPases, FpuC or FpuD (Fig. 8, complexes A and B) . The third transporter complex consists of FpuA associated with the FatCD permease and the FatE ATPase (Fig. 8, complex C) .
While it is common for all of the components of a bacterial ABC transporter to be encoded within a single operon, instances exist where the genes encoding these components are located in separate positions on the genome. The genes that encode the components for petrobactin acquisition exhibit this partially unclustered genetic organization. The genes encoding FpuA and FpuB belong to a single operon lacking a gene encoding an ATPase (Fig. 1) . Two distinct genes (fpuC and fpuD), found at separate locations on the chromosome, encode ATPase components that can individually energize import through FpuB (Fig. 8, complex A and B) . These genes belong to otherwise uncharacterized iron-transport clusters containing both putative receptor and permease genes ( Fig. 1 ) that play no apparent role in petrobactin reacquisition. For the FpuA/FatCDE transport complex (Fig. 8, complex C) , the genes encoding the permease and ATPase components are contained within the same operon, fatBCDE. FatB, an apparent substrate-binding protein, is not required for petrobactin import, but may serve some other undefined role (Carlson et al., 2010) .
Often the components of ABC transporters are unique to an individual transporter, although some promiscuity, similar to what is reported here for petrobactin import, has been observed. For example, the MsmK ATPase from Streptococcus pneumoniae associates with the transmembrane domains of multiple carbohydrate transporters, including those involved in the import of sialic acid (SatABC), raffinose (RafEGF) and maltotetraose (MalXCD) (Marion et al., 2011) . Additionally, the FhuC ATPase from Staphylococcus aureus functions as the ATPase component of three distinct iron-siderophore transporters, HtsABC, SirABC and FhuCBG. These transporters are required for staphyloferrin A, staphyloferrin B and hydroxamate-mediated iron acquisition respectively (Beasley and Heinrichs, 2010) . Similarly, the plasmidencoded anguibactin uptake system of Vibrio anguillarum lacks an ATPase, and relies on a yet unidentified enzyme were inoculated with vegetative bacilli at an initial OD600 of 0.05 and growth was monitored hourly for 6 h by measuring increase in OD600. Wild type/pMJ01+ and DfatCDDfpuCDfpuD/pMJ01+ strains were used as empty vector controls. Wild type/pMJ01+ (solid squares), DfatEDfpuCDfpuD/pMJ01+ (open diamonds), DfatEDfpuCDfpuD/pfpuD+ (solid triangles), DfatEDfpuCDfpuD/pfatE+ (solid circles) strains were grown in IDM media containing 10 mg ml -1 chloramphenicol. Data are presented as mean Ϯ standard deviation of triplicate measures from one experiment and represent at least three independent experiments. encoded on the chromosome (Koster et al., 1991; Lopez and Crosa, 2007) . The work presented here reports an unusual inverse of these configurations in which a single substrate-binding protein, FpuA, presents petrobactin to two distinct permeases and furthermore, these two permease proteins display association with discrete ATPases.
Despite the compelling genetic analysis presented here suggesting three complexes following the canonical model for ABC transporters (Eitinger et al., 2011) , we note that protein-protein interaction studies have not been performed. Additional characterizations, including the relative abundance of each transporter on the cell surface and preference of the receptor FpuA for the permeases FpuB or FatCD remain to be determined. Also, the question of when iron is removed from petrobactin, before or after import, remains. Considering the similarity in structure of petrobactin to other well-characterized siderophores including aerobactin (Koster and Braun, 1990a,b; Wooldridge et al., 1992) and bacillibactin (Miethke et al., 2006) , it is likely that the intact ferric-petrobactin holocomplex is transported across the membrane. According to this model, reduction of the metal (Miethke and Marahiel, 2007) or degradation of the siderophore (Miethke et al., 2006; Garénaux et al., 2011 ) by currently unidentified enzymes would then allow for release of iron in the bacterial cytoplasm. However, the possibility exists that the release of iron from petrobactin occurs prior to internalization. This has been observed in Salmonella typhimurium and in Mycobacterium tuberculosis where the enzymatic reduction and release of iron from either ferrioxamine or mycobactin, respectively, occurs by extracellular iron reductases (Cowart, 2002; Ratledge, 2004) .
We propose that the permeases FpuB and FatCD play redundant roles in petrobactin import, with either protein able to associate with their respective ATPases and the FpuA receptor in the formation of a canonical ABCtransport complex. Additional redundancy is observed by the association of FpuB with two ATPases, FpuC or FpuD (Fig. 8, complexes A and B) , either of which is sufficient for petrobactin import. The genes that encode these two ATPases belong to gene clusters that contain both receptor and permease components and have high homology to other ABC transporters involved in ion transport (Fig. 1,  GBAA4597 and GBAA0615 gene clusters). It seems likely, therefore, that these ATPases are functional components of transporters with roles other than petrobactin acquisition. A possible example of this multi-functionality is demonstrated by the growth defect of the triple mutant (DfatEDfpuCDfpuD) in sporulation media, a defect not binds to ferric iron ions (grey ovals) prior to reacquisition. The proteins required for the import of petrobactin include the substrate-binding receptor protein FpuA (required in all three complexes), two hydrophobic membrane-spanning domains, or permeases, FpuB (complex A and B) and FatCD (complex C), and three cytoplasmic ATPase domains, FatE, and proteins FpuC and FpuD that couple the energy of ATP hydrolysis to import petrobactin. It is presumed that the iron-siderophore complex is imported through the cytoplasmic membrane via one of these three canonical (substrate-binding protein dependent) ABC-transport protein complexes. present in any other mutant, independent of their growth phenotypes in IDM. This inability to produce spores is most likely the result of the poor growth in the sporulation media, versus a defect in the sporulation machinery. However, the exact nature of this defect is unknown.
Petrobactin-facilitated iron uptake is a determinant of B. anthracis virulence. Through this, and previous work, we have completed the identification of components composing the import machinery facilitating this process. The petrobactin import system consists of redundant gene products that interact with specific partners in the formation of three canonical ABC-transport complexes (Fig. 8, complexes A, B and C) . The description of siderophore uptake systems provides the identification of potential therapeutic targets for combating bacterial infections and creates a more accurate model of steps critical to the life cycle B. anthracis during pathogenesis. These findings also highlight the importance of host iron acquisition mechanisms during bacterial infection.
Experimental procedures
Bacterial growth and sporulation conditions
Bacterial strains used for this study are described in Table 1 . All mutant strains were derived from the B. anthracis Sterne 34F2 strain (pXO1 + , pXO2 -). Spores were generated as described previously (Passalacqua and Bergman, 2006) , except that growth of the cultures was performed at 37°C and purified by passage through a 3.1 micron glass microfibre filter (National Scientific Company) to increase purity. Spore stocks were stored at room temperature in sterile water and titred using a haematocytometer to the desired concentration for use in mouse infection and petrobactin supplementation studies. All subsequent experiments were performed from these stocks. For experiments performed under low iron conditions, IDM was prepared as previously described (Cendrowski et al., 2004b) . For IDM growth experiments, overnight cultures grown in brain heart infusion broth (BHI) were backdiluted 1:50 in fresh medium and allowed to grow for 1 h at 37°C. Actively growing cells were collected by centrifugation at 1600 g, and the pellets were washed five times in IDM to remove residual iron. The washed cells were inoculated into IDM at a final optical density at 600 nm (OD600) of 0.05. For complementation experiments, cultures were supplemented with 10 mg ml -1 chloramphenicol where indicated for plasmid maintenance. Cultures were grown at 37°C with aeration, and the OD600 was measured hourly for 6 h. For experiments performed with supplemental petrobactin, cultures were inoculated with 1 ¥ 10 5 spores of the specified strains in 2 ml of IDM with or without the addition of 2.5 mM petrobactin (Carlson et al., 2010) , and were monitored for change in OD600 over 9 h. For gallium sensitivity assays, strains were inoculated into IDM, as described above, with or without the addition of 20 mM gallium sulphate. Results of the gallium sensitivity assay were normalized to culture OD600 and are presented as per cent growth inhibition and calculated as {[(OD600 IDM + gallium)/(OD600 IDM)] ¥ 100} at 2 h (Carlson et al., 2010) .
Isolation of mutants and construction of complementation plasmids
Mutant strains isolated for this work were all constructed via allelic exchange. Each mutant allele was constructed via PCR using Phusion High Fidelity DNA polymerase (New England Biolabs) according to the manufacturer's instructions. The PCR products were first cloned into the TOPO® cloning vector (Invitrogen), using manufacturer protocols, and the DNA sequence was verified (University of Michigan DNA sequencing core). The mutant allele was then cloned into the NotI site of the allelic exchange vector pBKJ258 (Janes and Stibitz, 2006 ) using standard methods. Each construct contained approximately 500 bp both upstream and downstream of the target gene with NotI restriction sites on each end for subsequent cloning. Each mutant allele retained the first 10 codons, followed by the DNA sequence GGGCCCTCCGGATCCCCCGGG, and then the last nine codons plus the predicted stop codon. A similar strategy was followed for each single gene deletion mutant. For mutations where two sequential genes were deleted, the initial 10 codons of the first gene were fused with the final nine codons of the second gene, in the same manner described above. Allelic exchange was performed as described previously (Janes and Stibitz, 2006) . The presence of the mutant alleles was verified by PCR, and each resulting mutant was otherwise isogenic to the parental strain. Sequences of all oligonucleotides used in the creation and screening of these mutants are available upon request. Spore stocks for each mutant were generated and stored as described above. PCR was used to amplify fatE and fpuD by standard methods. DNA fragments were cloned and each DNA sequence verified as described above for mutant allele construction. Primers were designed such that an XbaI site was inserted directly upstream of the initiation codon of the gene of interest, and a HindIII site directly downstream of the native stop codon. Each gene was cloned into the XbaI and HindIII sites of pGFP (Wilson et al., 2012) , replacing the gfpmut3a allele with the gene of interest, expressed by the p43 promoter present on the plasmid. The plasmid pMJ01, a version of pGFP lacking the gfpmut3a allele was used as a control (Wilson et al., 2012) . Plasmids were passaged through SCS110 (dam dcm) and then transferred into the appropriate B. anthracis strain via electroporation (Passalacqua and Bergman, 2006) .
Measurement of catechol accumulation
The levels of extracellular catechol were measured using the Arnow assay (Arnow, 1937; Carlson et al., 2010) . Strains were grown as described above for 6 h and supernatants were collected and filtered using a 0.22 mm syringe filter. Culture supernatants were then mixed with equal volumes of 0.5 M HCl, followed by the sequential addition of equal volumes of nitrate-molybdate reagent (10% sodium nitrate and 10% sodium molybdate), 1 N NaOH and distilled H2O in 96-well plates. Sample reactions positive for the presence of catechol moieties produced a red colour and absorbance was measured at 515 nm. Absorbance values were normalized to OD600 of the original culture. Data are presented as the percentage of wild-type extracellular catechol in culture supernatants at 6 h.
Murine virulence assays
DBA/J2 mice (Jackson Laboratories) were infected via intratracheal inoculation as previously described (Heffernan et al., 2007) . Groups of eight female mice age 6-8 weeks were infected with either wild-type or DfpuBDfatCD mutant spores at a dose of 1.5 ¥ 10 5 spores per mouse. Mice were monitored for 14 days following infection. All mouse experiments were performed using protocols approved by the University of Michigan on the Use and Care of Animals.
